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ABSTRACT
Outflows arising from very young stars affect their surroundings and influence the star
formation in the parental core. Multiple molecular outflows and Herbig-Haro (HH)
objects have been observed in Orion, many of them originating from the embedded
massive star-forming region known as OMC1-S. The detection of the outflow driving
sources is commonly difficult, because they are still hidden behind large extinction,
preventing their direct observation at optical and even near and mid-IR wavelengths.
With the aim of improving the identification of the driving sources of the multiple
outflows detected in OMC1-S, we used the catalog provided by deep X-ray observa-
tions, which have unveiled the very embedded population of pre-main sequence stars.
We compared the position of stars observed by the Chandra Orion Ultra Deep project
(COUP) in OMC1-S with the morphology of the molecular outflows and the directions
of measured proper motions of HH optical objects. We find that 6 out of 7 molecular
outflows reported in OMC1-S (detection rate of 86%) have an extincted X-ray COUP
star located at the expected position of the driving source. In several cases, X-rays
detected the possible driving sources for the first time. This clustered embedded pop-
ulation revealed by Chandra is very young, with an estimated average age of few 105
yr. It is also likely responsible for the multiple HH objects, which are the optical corre-
spondence of flows arising from the cloud. We show that the molecular outflows driven
by the members of the OMC1-S cluster can account for the observed turbulence at
core-scales and regulate the star formation efficiency. We discuss the effects of outflow
feedback in the formation of massive stars, concluding that the injected turbulence in
OMC1-S is compatible with a competitive accretion scenario.
Key words: stars: formation. stars: pre-main sequence. stars: massive. X-rays: stars.
ISM: jets and outflows. turbulence
1 INTRODUCTION
During their first stages of evolution, young stars accrete
material along the equatorial plane to grow up, and spell
mass in the direction perpendicular to their circumstel-
lar disk forming bipolar outflows (Arce et al. 2007). The
ubiquitous presence of outflows from low and intermediate
mass stars has important implications in the formation of
stars (Stanke & Williams 2007), especially in the crowded
clusters where massive stars are born (Lada & Lada 2003,
Rivilla et al. 2013). The outflows inject momentum and
⋆ E-mail: rivilla@cab.inta-csic.es; ryvendel@gmail.com
energy into the interstellar medium, favoring the frag-
mentation of the parental core (Knee & Sandell 2000;
Li & Nakamura 2006; Cunningham et al. 2011), and pro-
ducing turbulence (Li & Nakamura 2006; Nakamura & Li
2007), which could affect the accretion rates onto the stars
(Krumholz et al. 2005). This is particularly important in the
case of massive stars, that need high accretion rates to form.
These outflows can be observed over a wide range of the
electromagnetic spectrum. At optical wavelengths, the fea-
tures produced when the ejected material from the stars col-
lide with the surrounding gas and dust are known as Herbig-
Haro (HH) objects. At longer wavelengths, the outflows are
traced by the emission from different molecules (Arce et al.
c© 2002 RAS
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2007; Beuther et al. 2007; Zapata et al. 2010; Beltra´n et al.
2012).
While outflows are often easily detected, however it is
much more difficult to unambiguously associate them to a
driving source. This is because the objects responsible for
these outflows are very young stars, often hidden behind
large extinction that commonly prevents their observation
at optical and even near and mid-IR observations. However,
X-rays can penetrate deeply into the molecular cloud, and
therefore sensitive X-ray observations with high spatial res-
olution are a unique tool to detect most of the embedded
driving sources of molecular outflows and HH objects aris-
ing from crowded stellar clusters. Low mass pre-main se-
quence (PMS) stars exhibit an enhanced magnetic activity
with respect to more evolved stars, which produces bright X-
ray emission. More massive stars also emits X-ray emission,
usually related to wind shocks (Favata & Micela 2003).
We focus this work on identifying the driving sources
of the numerous outflows detected in the massive star-
forming region OMC1-S. This region, located at d∼414
pc, is related the Orion Molecular Cloud (OMC) and the
optically visible Orion Nebula Cluster (ONC) ionized by
the four main sequence massive Trapezium stars1. The
OMC1-S region contains a very dense and obscured molec-
ular condensation with a mass ∼100 M⊙ (Mezger et al.
1990) and a density of n ∼106 cm−3 (Mundy et al. 1986).
It exhibits several evidences of massive star formation:
warm and dense gas (Ziurys et al. 1981, Batrla et al. 1983,
Rodriguez-Franco et al. 1998), large dust column densi-
ties (Keene et al. 1982), and presence of H2O masers
(Gaume et al. 1998).
The OMC1-S region shows very intense outflow ac-
tivity. Three large optical flows have been detected in
[OIII] ( Smith et al. 2004), along with multiple HH objects
(Bally et al. 2000; O’Dell & Doi 2003), and several molecu-
lar outflows (Ziurys et al. 1990; Schmid-Burgk et al. 1990;
Rodr´ıguez-Franco et al. 1999b; Zapata et al. 2005, 2006,
2010).
Several works (Smith et al. 2004; Zapata et al. 2004;
Robberto et al. 2005; Henney et al. 2007) proposed embed-
ded mid-IR or cm/mm sources as possible candidates for
driving sources of both HH objects and molecular out-
flows. However, none of these studies have considered the
population of X-ray stars provided by the Chandra Orion
Ultra-Deep Project (COUP), based on a ∼ 10 days obser-
vation of the ONC/OMC region. Grosso et al. (2005) and
Rivilla et al. (2013) showed that OMC1-S harbors a dense
population of very embedded X-ray stars, some of them re-
vealed by Chandra for the first time.
In this paper, we compared the position of COUP stars
in OMC1-S with the morphology of the molecular outflows
and the directions of measured proper motions of HH op-
tical objects. The paper is written as follows. In Section 2
we discusse the searching procedure for the driving sources
of the outflows, and study their physical properties. In Sec-
tion 3 we discuss the effects of the outflow feedback in the
evolution of the stellar cluster and the formation of massive
1 O’Dell et al. (2009) proposed that the OMC1-S core is detached
from the background OMC, approximately at the same depth as
the Trapezium stars.
stars. In Section 4 we summarize our results and the con-
clusions of the paper. In Appendix A we discuss extensively
each outflow along with its driving source.
2 DATA ANALYSIS: EMBEDDED COUP
X-RAY STARS AS OUTFLOW DRIVING
SOURCES IN OMC1-S
We have used the catalog of PMS X-ray stars provided by
the COUP Project (Getman et al. 2005) to compare the po-
sitions of the stars with the morphology of the molecular and
optical outflows and HH objects arising from OMC1-S. In
Fig. 1 we show the location of the COUP stars together with
a sketch of the molecular outflows and the spatial distribu-
tion of the dense gas in the OMC.
2.1 Membership of the COUP stellar population
One of the advantages of using X-rays to study young stel-
lar clusters is that they suffer less foreground and back-
ground contamination than optical/IR observations. In the
OMC1-S region, we expect low extragalactic contamination
(Getman et al. 2005), and low galactic contamination, be-
cause PMS stars exhibit much larger X-rays emission than
older foreground stars unrelated with the cluster. Therefore,
the COUP census reflect the very young stellar population
of the cluster, both extremely young stars still embedded in
the OMC together with more evolved (but still young) mem-
bers of the optically visible ONC. To discriminate between
these two populations, we follow the criteria of Rivilla et al.
(2013) based on the hydrogen column densities (NH) ob-
tained from the X-ray spectra: stars with logNH < 22.5
cm−2 are expected to be ONC members, and stars with
logNH > 22.5 cm
−2 are expected to be still embedded in
dense gas.
Additionally, we compare here in detail the COUP cen-
sus of the OMC1-S region with optical (Hillenbrand 1997)
and near IR (Hillenbrand & Carpenter 2000) surveys. For
our study we used a region of 60′′ × 60′′ around the stellar
density peak found by Rivilla et al. (2013). In Fig. 2 we plot
the results of our comparison between the objects detected
by these surveys and the value of NH. There is a clear trend
between the presence (or not) of optical and IR counterparts
as a function of logNH. Since the optical stars and values of
logNH < 22.5 cm
−2 are associated with ONC members, we
will consider that the sources with logNH >22.5 cm
−2 and
no optical counterpart are stars embedded in the OMC1-S
core2. As we will show in Section 2.2.2, this is a good selec-
tion criteria as corroborated by our detailed analysis of the
properties of the outflow driving sources in OMC1-S and of
their membership to the OMCS-1 core.
Since O’Dell et al. (2009) proposed that the OMC1-S
core is detached from the OMC at roughly the same depth
into the ONC as the Trapezium stars, it would be possi-
ble that stars considered members of the core are actually
2 With the exception of COUP 555 (logNH=22.44 cm
−2), that
we also considered as a OMC1-S member because it drives one
of the molecular outflows detected in the core (see Section 2.2)
and exhibits X-ray properties typical of an embedded star (see
Section 2.2.2).
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Figure 1. Upper Left Panel: Spatial distribution of COUP stars in the ONC/OMC region. Open blue circles are stars with logNH <22.5
cm−2 (expected to be ONC members); red dots are stars with measured values of logNH >22.5 cm−2 (expected to be embedded members
of the OMC); and open red circles are stars without measured value for logNH (likely also embedded objects). The gray scale is the K-
band 2MASS image. The dotted contours are the emission from the OMC traced by the CN (1-0) emission, from Rodriguez-Franco et al.
(1998). The first contour level corresponds to 7 K km s−1 and the interval between contours is 4 K km s−1. The dashed boxes indicate the
location of the OMC1-S(N) and OMC1-S(S) regions where several molecular outflows have been detected. Upper Right Panel: Zoom-in
of the OMC1-S(N) region. The CO and SiO molecular outflows from Zapata et al. (2005, 2006) are indicated with arrows. The redshifted
lobes are marked with dashed strokes. The COUP stars driving the molecular outflows are labeled, with the same symbols as in the
upper left panel. We have also added IR stars (black filled squares; Hillenbrand & Carpenter 2000) and cm/mm sources (black crosses;
Zapata et al. (2004, 2006). Lower Panels: Zoom-in of OMC1-S(S). The SiO and SO molecular outflows from Zapata et al. (2005, 2006)
are indicated with arrows (redshifted lobes with dashed strokes). The COUP stars have the same symbols as in the upper panels. We
have also added IR stars and cm/mm sources with same notation. The triangle symbols indicate the position of FIR 4 (Mezger et al.
1990) and CS3 (Mundy et al. 1986); and the open square indicates the position from where the CO south outflow propagates in a straight
line (Zapata et al. 2010).
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Figure 2. Hydrogen column density of COUP sources located
in a 60′′ × 60′′ region around the OMC1-S core. The plot only
include those COUP stars for which NH can be derived from the
X-ray spectra. The dots are stars without optical/IR counter-
parts; the open squares are stars without optical counterpart but
IR counterpart; and the asterisks correspond to stars with opti-
cal and IR counterparts. With red diamonds we indicate outflow-
driving stars candidates.
more evolved ONC members located between the core and
the background OMC. If we assume that these COUP stars
are ONC members distributed spherically, one would ex-
pect the same number of stars in front and behind the core.
However, the region zoomed-in in Fig. 1 presents ∼77% of
extincted stars as opposed to only ∼23% of non-extincted
stars. This deficit of non-extincted objects suggests that the
extincted population is indeed located within the OMC1-
S core. In fact, in a dense molecular core such as OMC1-S,
with ongoing star formation and cm/mm sources and molec-
ular outflows, one expects the presence of a stellar clus-
ter. As found in the northern Orion Hot Core (OHC, see
Rivilla et al. 2013), the most likely scenario is that the ex-
tincted COUP stars are embedded in the core rather than
being ONC members. Furthermore, the fact that several of
the extincted COUP stars are located at the expected posi-
tions of the driving sources of the molecular outflows (Fig-
ure 1 and Section 2.2) strongly suggests that these extincted
stars are indeed embedded in the core3.
2.2 Molecular outflows
In the last two decades up to seven4 different molec-
ular outflows have been detected in the OMC1-S re-
gion, traced by their emission in CO (Schmid-Burgk et al.
1990; Rodr´ıguez-Franco et al. 1999b; Zapata et al. 2005),
SiO (Ziurys et al. 1990; Zapata et al. 2006) and SO
(Zapata et al. 2010). These outflows are in general highly
collimated, which allow them to establish the expected lo-
cation of the driving source.
3 Although we cannot completely rule out that some of the em-
bedded objects are ONC members located between the OMC1-S
core and the background OMC or a star embedded in the OMC.
4 We do not count the CO south outflow (see lower panels in
Fig. 1 and Table 1) as a separate outflow because, as we discuss in
Section 3.6, it seems the result of a collision of two other outflows.
We compared the morphology of the molecular outflows
with the stellar positions provided by the high angular res-
olution (∼ 0.5′′) COUP observations. In Fig. 1 we zoom-in
in the two regions [ OMC1-S(N) and OMC1-S(S) ] where
the molecular outflows have been detected. We found X-ray
stars at the expected positions of the driving sources of 6 out
of the 7 molecular outflows. In Table 1 we summarize the
association between the outflows and the proposed COUP
driving sources.
Given that the OMC1-S region exhibits a very dense
population of COUP stars (Rivilla et al. 2013), we evaluate
the possibility that stars with a random distribution are
located at the driving positions of the molecular outflows.
The probability that members of a random distribution of
n stars fall within an area of size θ around the expected
position of the driving source of l outflows in a region with
size L is:
P =
Cm−l,m−n
Cm,n
, (1)
where
Cm,n =
m!
n! (m− n)! , (2)
and m = (L/θ)2. Considering the population of embed-
ded stars in OMC1-S in the two zoomed-in regions of Fig. 1,
we obtained n =22. The size θ is defined as a combination of
the Chandra spatial resolution (∼0.5′′), uncertainties in the
X-ray star positions5 (< 0.2′′), and the intrinsic uncertainty
in the expected location of the outflow driving source. To
estimate the latter, we use the maximum distance between
the COUP outflow-driving candidates and other cm/mm
sources candidates (Zapata et al. 2004, 2005). Table 2 shows
that the maximum distance is ∼1.8′′6. Adding quadratically
the three contributions, we found a value of θ=2′′. Assuming
an approximate size for the total region of L ∼40′′ (0.08 pc)
and 6 outflows (l =6) we find that the probability to find
a random COUP source at the driving position of an out-
flow is extremely low (P ∼10−8). Although we favor that
X-ray stars are the driving sources (see discussion in Sec-
tion 2.2.1 and Appendix A), other candidates to drive some
of the molecular outflows have been proposed. We repeated
the calculation taking into account the worst possible case
in which only 3 COUP stars are driving sources. Then, l =3
and the random probability is still very low (P ∼10−4). As
a consequence, we conclude that the X-ray stars are very
likely related with the molecular outflows.
2.2.1 X-ray sources vs. IR and cm/mm sources
We found COUP stars in the expected positions of the driv-
ing sources of 6 of 7 molecular outflows in the region. In
this Section we compare these X-ray stars with the IR and
5 Getman et al. (2005) shows that the positions of COUP
sources is very well determined, with values generally < 0.2′′ (see
Table 2 for some examples).
6 For those outflows in which the position of the driving source
is not defined with accuracy, the positional uncertainty could be
somewhat larger. However, this will not change our result, i.e.,
that the probability of a chance alignment of all outflows with
X-ray sources is very small.
c© 2002 RAS, MNRAS 000, 1–18
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Table 1. COUP driving sources of the outflows detected in OMC1-S, with their coordinates, counterparts at other wavelengths, and
other proposed candidates to drive the outflows from the literature.
Outflow COUP RA(J2000) DEC(J2000) Counterpartsa Other candidatesd
driving source IRb cm/mmc
HC00 L00 M02 L04 S04 R05 G98
CO 136-359 555 5 35 13.55 -5 23 59.67 178 16 263 138 5 42 C 136-359
SiO 136-356 554 5 35 13.59 -5 23 55.29 192 46 276 139 4 43 B 136-356
SiO 137-408 SE 582 5 35 13.86 -5 24 07.13 - - - - - - - - 137-408
SiO 137-347 564 5 35 13.67 -5 23 45.20 222 - 313 141 - - - - 137-347
SiO 141-357 607 5 35 14.16 -5 23 57.01 - - - - - - - 141-357
SiO 137-408 E-W - - - - - - - - - - 137-408
SO 594 5 35 13.97 -5 24 09.78 - - - - - - - 140-410 139-409
CO south 594 5 35 13.97 -5 24 09.78 - - - - - - - 140-410 139-409
HH 529 632 5 35 14.41 -5 23 50.98 - 1 293 162 2 61 - 144-351 -
a We consider as counterparts those sources with separations lower than the ”counterpart radius” rcounter (see Section 2.2.1).
b HC00 (Hillenbrand & Carpenter 2000); L00 (Lada et al. 2000); M02 (Muench et al. 2002); L04 (Lada et al. 2004); S04 (Smith et al.
2004); R05 (Robberto et al. 2005); G98 (Gaume et al. 1998).
c 1.3 cm sources from (Zapata et al. 2004); and 1.3 mm sources from (Zapata et al. 2005).
d From Zapata et al. (2004) and Zapata et al. (2005). These cm/mm sources are located near the COUP stars, but at separations larger
than the ”counterpart radius” rcounter (see Section 2.2.1).
cm/mm population detected in this region, with the aim of
determining if they are counterparts of the X-ray sources,
and also discuss what candidates are the most likely driving
sources of the outflows.
Both cm/mm and X-rays observations are able to pen-
etrate into the core, despite of the high extinction, which
is an important advantage with respect to IR observations,
which suffer much more absorption. Table 1 shows that only
half (3 of 6) of the X-ray candidates have been detected at
IR wavelengths.
The comparison between the position of COUP and
cm/mm sources (Zapata et al. 2004, 2005) provides a good
opportunity to determine whether the cm/mm sources
are COUP star counterparts. We compared their posi-
tions with those from the IR stars (position accuracy of
0.1′′; Hillenbrand & Carpenter 2000). We consider that two
sources are counterparts (i.e., their emission arises from the
same object) when the separation between the sources is
less than sum of the half value of their respective angular
resolutions, that we call ”counterpart radius” rcounter.
We present in Table 2 the results of this comparison
for the candidates for driving sources of the outflows. We
find that the COUP stars exhibit separations smaller than
0.24′′ with respect to the IR stars. The cross-correlation of
the full samples show that 95% of the sources observed in
X-rays and IR have separations < 0.30′′. This is less than
the ”counterpart radius”, rcounter
7, clearly confirming that
the X-ray emission arise from stars.
However, the cm sources from Zapata et al. (2004) lo-
cated close to IR sources (136-359, 136-356, 136-355 and
137-347, Fig. 1) exhibit larger separations to the IR stars
(0.6′′−1.6′′, Table 2). The centimeter sources without close
IR stars (141-357, 137-408 and 139-409) also present large
7 Calculated from the angular resolution of COUP and IR ob-
servations from Hillenbrand & Carpenter (2000), which in both
cases is ∼0.5′′ in the inner region of the field of view of the ob-
servations, where the OMC1-S region is located.
separations (0.6−1.8′′) to the closer COUP stars. Given that
these separations are larger than the ”counterpart radius”,
rcounter
8=0.4′′, it seems that these cm sources do not di-
rectly trace the position of the stars observed at X-ray and
IR wavelengths. An exception is the source 140-410, located
at only 0.07′′ from COUP 594, and that clearly is a coun-
terpart of the X-ray star. This is confirmed by the detection
of large circular polarization in this source (Zapata et al.
2004), which is indicative of gyrosynchrotron emission from
the magnetosphere of a PMS low mass star.
In Appendix A we will discuss in more detail each
molecular outflow and its more likely driving source, con-
sidering the X-ray/IR and cm/mm candidates. We conclude
that the COUP stars provides very good candidates for out-
flow drivers. X-ray emission probes efficiently the position of
young PMS stars9 , while the cm/mm continuum could also
trace shocks or ionized gas from close circumstellar disks
and jets (Hofner et al. 2007, Araya et al. 2009).
Furthermore, the sensitivity of current cm/mm observa-
tions strongly limits the detection of a large fraction of the
low mass stars. Recently, Forbrich & Wolk (2013) showed
that in Orion the COUP observation is much more sensi-
tive than the centimeter catalog from Zapata et al. (2004).
Moreover, it is known that bright cm/mm emission from
some stars is producing during flares (Bower et al. 2003,
Forbrich et al. 2008), but it is difficult the detection outside
a flare event.
Therefore, deep X-ray observations are a very good tool,
complementary to cm/mm observations, to unveil the heav-
ily obscured young stellar population, and hence to detect
the driving sources of the molecular outflows embedded in
stellar clusters.
8 Using the value of angular resolution of the centimeter obser-
vations of 0.3′′ (Zapata et al. 2004).
9 In the COUP sample, Getman et al. (2005) find that 1406 of
the 1616 sources (87%) are young stars associated with the stellar
cluster, while only 10% are extragalactic sources and 0.1% (2
sources) are outflows emitting in X-rays.
c© 2002 RAS, MNRAS 000, 1–18
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Figure 3. X-ray properties of COUP stars. We plot the hydrogen column density logNH versus: i) the mean energy of the stellar photons
(left panel); ii) the hardness ratio (middle panel); and iii) the extinction-corrected X-ray luminosities (right panel). The large red circles
correspond to the outflow-driving stars with values of NH measured fitting the X-ray spectra. The large open red circles denote the COUP
outflow-driving stars with NH measured from photometry (labeled with the subscript phot) or from the IR counterpart (labeled with
the subscript IR). The small red dots are the non-outflowing (but also embedded) sources of the 60′′×60′′ OMC1-S region considered,
while the small blue dots correspond to the non-embedded ONC members. In the left panel we also plot with a dashed line the empirical
fit found by Feigelson et al. (2005). In the right panel we add X-ray sources from Monoceros R2 (green crosses) and S255 (magenta
diamonds), for comparison.
Table 2. X-ray position uncertainties and separations between
the COUP outflow-driving stars and the nearest cm/mm and IR
sources.
COUP pos. unc. (′′)a dX−IR cm/mm dcm/mm−IR b dcm/mm−X
555 0.04 0.05 136-359 0.65 0.61
554 0.01 0.05 136-356 0.58 0.61
136-355 0.78 0.73
607 0.07 - 141-357 - 0.55
564 0.11 0.24 137-347 1.55 1.78
582 0.12 - 137-408 - 1.66
594 0.05 - 140-410 - 0.07
- 139-409 - 0.76
632 0.13 0.20 144-351 0.09 0.28
a Source’s positional uncertainty of COUP sources calculated as
68% (1σ) confidence intervals using the Student’s T-distribution
(see Getman et al. 2005).
b Sources from Zapata et al. (2004) and Zapata et al. (2005).
The positions have been obtained from Zapata et al. (2004) ob-
servations at 1.3 cm, whose angular resolution is ∼0.3′′.
2.2.2 X-ray properties of the outflow-driving stars
We discuss here more extensively the general X-ray prop-
erties of the outflow-driving stars, compared to the popula-
tion of stars with no outflows (but also extincted) sources,
and non-extincted ONC stars. We also considered the stel-
lar population contained in the same region of 60′′ × 60′′
used in Section 2.1. In Table 3 we show the properties of the
outflow-driving population.
In Section 2.1 we established a general criterion to
differentiate stars embedded in the OMC1-S core from
the ONC members: no optical identification and values of
logNH >22.5 cm
−2. None of the COUP outflow-driving
stars have optical counterparts. Regarding the values of NH,
the fit of the X-ray spectra of COUP 554, COUP 582 and
COUP 594 provides values of logNH >22.5 cm
−2 (Table
3). In the case of COUP 555, its hydrogen column density
is slightly lower, logNH=22.44 cm
−2, but we also consider
that this star is embedded because it clearly drives one of
the molecular outflows, and its properties (see further dis-
cussion) are similar to those of the other embedded mem-
bers. For COUP 564 and COUP 607 an spectral analysis
was not possible given the low number of detected counts.
In that case we have estimated NH by using two alternative
methods: i) from photometry, using the relation found by
Feigelson et al. (2005) between NH and the mean energy of
the photons, MedE; and ii) from the correlation between
the color index H-K of the IR counterpart and NH found by
Kohno et al. (2002). The values obtained are logNH >22.5
cm−2 (Table 3) and therefore all these stars are likely em-
bedded within the OMC1-S core.
The X-ray properties of the outflow-driving stars are
seriously affected by the high extinction. Feigelson et al.
(2005) found a relation between the median energy of
background-substracted photons from the stars (MedE) and
the hydrogen column density NH (left panel in Fig. 3).
This trend is due to an absorption effect: in the embedded
sources, only the harder photons are able to escape through
the molecular gas and then be detectable, while softer ones
(with lower energy) are absorbed. As a consequence, the em-
bedded stars should appear as harder sources. In the middle
panel of Fig. 3 we show the values of the hardness ratio,
defined as HR1 = (countsh−countss)/(countsh+countss),
where subscripts h and s refer to the hard (2.0−8.0 keV) and
soft (0.5−2.0 keV) bands, respectively. It is clear that the
embedded sources (shown in red) have much higher values
than that of the foreground ONC members (blue). The high
HR1 of the sources without NH measured from the X-ray
c© 2002 RAS, MNRAS 000, 1–18
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Table 3. X-ray properties of the outflow-driving stars in OMC1-S.
COUP net countsa SNRb logNH logLX logPKS
c BBNumd flaree MedE HRf1
555 151 49 22.44±0.09 29.32 -1.82 2 (yes) 2.68 0.45+0.08−0.08
554 14045 4445 22.74±0.01 31.52 -4.0 31 yes 3.67 0.87+0.00−0.00
582 18 9.0 23.31±0.48 28.94 -2.32 1 (yes) 5.14 1.0+0.00
564 5 5.7 23.18h / 22.5i 28.19g -0.07 1 - 4.45 0.69+0.38
607 10 9.1 23.14h 28.37g -0.05 1 - 4.37 0.22+0.41−0.36
594 125 45.0 23.87±0.06 30.53 -4.0 2 yes 5.92 1.0+0.00
a Net source counts after background subtraction.
b The signal to noise is defined as SNR = source counts/(background counts)1/2
c PKS is the significance of a Kolmogorov-Smirnov (KS) test to establish whether variations are present above those expected from
Poisson noise associated with a constant source (from Getman et al. 2005). A source is considered variable if logPKS < −2.0. The values
have been truncated at −4.0.
d BBNum is the number of segments of the Bayesian block (BB) parametric model of source variability developed by Scargle (1998). A
source is variable when BBNum > 2. The values shown here are from Getman et al. (2005).
e From visual inspection of the X-ray light curves available at Getman et al. (2005). The parenthesis denote that the identification is
uncertain.
f Hardness ratio HR1 = (countsh − countss)/(countsh + countss), where subscripts h and s refer to the hard (2.0−8.0 keV) and soft
(0.5−2.0 keV) bands, respectively.
g Estimated luminosity in hard band corrected for absorption, instead of luminosity in total band corrected for absorption, not available
for this star.
h The NH have been obtained photometrically, i.e., from the relation between the mean energy of the photons (MedE) and NH found
by Feigelson et al. (2005).
i The NH have been obtained with the relation between the color index H-K of the IR counterpart and NH, found by Kohno et al.
(2002).
spectra (COUP 564 and COUP 607) confirms that they are
also embedded objects.
In the right panel of Fig. 3 we show the values of
the extinction-corrected X-ray luminosities LX. These lumi-
nosities depend on the stellar mass (Preibisch et al. 2005),
and at the age range of the stars in the region, slightly
on the stellar age (Preibisch & Feigelson 2005). We com-
pare the entire COUP sample (black dots) with surveys
of other massive star-forming regions: Monoceros R2 (ma-
genta diamonds, Kohno et al. 2002) and S255 (green crosses,
Mucciarelli et al. 2011). In these two regions (with less sen-
sitive Chandra observations) there is a clear trend of more
luminous sources to have higher extinctions. This effect is
simply due to absorption of the soft photons of sources hid-
den behind high extinction. In the deeper COUP sample
this effect (although still present, see the absence of COUP
sources in the top-left region of the right panel of Fig. 3) is
less clear.
The luminosities of the outflow-driving stars range a
wide range (logLX=28−31 erg s−1), similar to the values
exhibited by the non-outflow-driving (but also embedded)
stars and the non-embedded stars. This suggest that the
differences between the luminosities are not due to the evo-
lutionary phase of the star, but likely to the different masses
of the stars.
We also study the X-ray variability. It is expected that
PMS low mass stars are high variable, due to flares pro-
duced by emission from plasma heated to high tempera-
tures by violent reconnection events in magnetic loops in
the corona. We use 3 criteria to determine the variability:
i) Kolmogorov-Smirnov (KS) test to establish whether vari-
ations are present above those expected from Poisson noise
associated with a constant source; ii) a Bayesian block (BB)
parametric model of source variability developed by Scargle
(1998); and iii) direct visual inspection of the X-ray light
curves. The results (from Getman et al. 2005) are shown in
Table 3. The stars COUP 555, COUP 554, COUP 582 and
COUP 594 fulfill at least one of this criteria, i.e., we confirm
variability in a ∼66% of the outflow-driving stars. In the two
other cases (COUP 564 and COUP 607), it is possible that
the non-detection of variability is due to the low number of
counts detected from these sources. Although we note that
the statistic significance of this limited sample is very low,
this fraction of variable stars is similar to the one shown by
the non-outflowing but also embedded sample (∼75%) and
the non-embedded sample (∼80%).
We conclude that there are not significant differences
in the X-ray properties between the outflowing and non-
outflowing (also extincted) population. The X-ray embedded
sources with no outflows are also very young stars (or pro-
tostars). This reveals a population of PMS low-mass stars
that outflow searches and cm/mm observations have missed
so far.
2.3 Optical outflows and HH objects
The OMC1-S region is also the source of multiple HH ob-
jects (Bally et al. 2000, O’Dell & Doi 2003, Henney et al.
2007), and three large optical outflows observed in [OIII]
(Smith et al. 2004). Unlike molecular outflows, whose origin
can be generally well determined, in the case of HH objects
it is more difficult to associate them to their driving source,
because they are usually observed as the final part of a flow
in the form of bow-shocks, and they are located at larger
distances of their driving sources.
Although some of the HH objects might be produced
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Figure 4. Distribution of the population of COUP stars em-
bedded in the OMC. The red dots correspond to sources with
logNH >22.5 cm
−2, and the open red circles denote sources with-
out measured value for NH (likely also embedded objects). The
orientations of the [OIII] optical outflows (Smith et al. 2004) and
the main HH objects detected in the region (Bally et al. 2000 and
O’Dell & Doi 2003) are indicated with blue and black arrows, re-
spectively. We have labeled the star COUP 632 (see text). The
positions of the massive Trapezium stars are indicated with 4
black crosses. The dotted contours are the emission from the OMC
traced by the CN (1-0) emission, from Rodriguez-Franco et al.
(1998). The first contour level corresponds to 7 K km s−1 and
the interval between contours is 4 K km s−1.
by stars of the ionized nebula ONC seen at optical wave-
lengths, it is expected that most of them are powered by
stars still embedded in the dense molecular core in OMC1-
S. It is thought that the HH objects are the optical corre-
spondence of flows which break out toward the ionized neb-
ula ONC from the stellar population embedded in OMC1-
S, where the molecular outflows are observed. Then it is
worth to compare the proper motions of the HH objects
(Bally et al. 2000; O’Dell & Doi 2003) with the embedded
population revealed for the first time by Chandra.
We show schematically in Fig. 4 the distribution of em-
bedded COUP stars, the orientations of the main HH objects
(Bally et al. 2000 and O’Dell & Doi 2003), and the large op-
tical outflows observed in [O III] (Smith et al. 2004). It is
clear that the [O III] outflows and most of the HH objects
point toward the same region: OMC1-S (indicated with a
red ellipse in Fig. 4).
In particular, the embedded star COUP 632 (labeled in
Fig. 4) is the X-ray counterpart of the known driving source
of the large optical outflow detected in [OIII] by Smith et al.
(2004), which is associated with multiple HH objects known
as HH 529 (see Appendix A for a more detailed description).
We remark the presence of the compact and dense
(>105 stars pc−3, Rivilla et al. 2013) stellar cluster (see
the region located towards the SE within the red ellipse
in Fig. 4; see also the lower left panel in Fig. 1). This clus-
ter, which seems to drive the two molecular outflows de-
tected in OMC1-S(S) (Section 2.2), represents a population
of very young stars deeply embedded (logNH >23 cm
−2,
i.e., AV >50) that was previously undetected at other wave-
lengths.
In conclusion, X-rays have detected, for the first time,
numerous embedded stars that are excelent candidates to be
the driving sources of the multiple HH objects found in this
region.
3 DISCUSSION
In this Section we discuss the impact of the outflow feed-
back on the star formation in the OMC1-S core: injection
of turbulence, possible disruption of the core, regulation of
star formation efficiency, and role in massive star formation.
The presence of large-scale HH objects driven by
OMC1-S sources (Section 2.3) shows that a fraction of
the outflow energy and momentum is dumped outside
the core. The influence of outflows in molecular clouds
at parsec scales have been extensively discussed in sev-
eral works (e.g. Stanke & Williams 2007, Arce et al. 2010
or Narayanan et al. 2012), but they did not pertain to the
impact of outflows within their host cores. We focus our
discussion, for the first time, on the dense material at ”core-
scales” (∼0.05 pc). Since we are interested in the energy
impact of feedback inside the core, we use the kinematics
of molecular outflows, which are acting within the core, and
do not include the feedback due to HH objects because the
latter transfer energy outside the core.
3.1 Timescales
The deeply embedded stellar cluster driving molecular out-
flows in OMC1-S core is expected to be in a very early
evolutionary stage. The molecular outflows have a typi-
cal length of ∼0.03 pc, which is in the low limit of sizes
observed in outflows (0.03−2 pc, Guenthner & Kauffmann
2009). This compact sizes yield small dynamical ages
(100−3×103 yr, Zapata et al. 2005, 2006). Although sev-
eral uncertainties are present in these ages estimates, it
is clear that these outflows are in general younger than
the ones found in other star-forming regions, like L1641-
N (∼104 years, Stanke & Williams 2007) or Taurus (∼105
years, Narayanan et al. 2012). This is indicative of the youth
of the OMC1-S core.
Its compactness and the very high stellar density
(Rivilla et al. 2013) also suggest that the cluster is very
young (Feigelson et al. 2005). In addition, the core shows
evidence of current massive star formation, suggesting also
stellar ages ∼105 yr. Moreover, it is known that the earlier
the evolutionary stage of the star, the larger the extinction
is. Prisinzano et al. (2008) and Ybarra et al. (2013) found
that stars with logNH >22.5 cm
−2 (equivalent to AV >15
mag) in Orion and Rossette Nebulae, respectively, are asso-
ciated with very young objects (Class 0-I with ages of ∼105
yr; Andre´ 1994, Evans et al. 2009). We have shown (Sec-
tion 2.2.2) that the members of the OMC1-S stellar cluster
show high extinctions (logNH=22.4−23.9 cm−2), suggesting
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that they are very young stars. In the Appendix A we have
fitted the spectral energy distribution (SED) of two of the
outflow-driving candidates (COUP 554 and COUP 555). We
obtain ages in the range [0.5−4] × 105 yr, in agreement with
Prisinzano et al. (2008) and Ybarra et al. (2013), and sup-
porting the youth of the cluster. Hereafter we will consider
that the average age of the stellar cluster is tcluster ∼2.5×105
yr.
Since is well established that outflows are associated
particularly with the earliest stages of star formation, the
presence of young stellar objects without outflows in OMC1-
S may imply that star formation has been going on in the
core for longer than the typical duration of the outflow phase
([0.5−2] ×105 yr, Arce et al. 2010 and Narayanan et al.
2012). We can estimate this time, tSF, using the expression:
Noutflow
Ntot
=
toutflow
tSF
, (3)
where Noutflow is the number of stars driving outflows
at present time, Ntot is the total numbers of stars in the
cluster, and toutflow is the outflow lifetime. Considering the
field of view of the zoomed-in regions of Fig. 1, the ratio
Noutflow/Ntot is 6/22, which is ∼0.27. This would imply that
the gas core has produced stars for a time span ∼4 times
longer than the outflow lifetimes, i.e., of the order a few 105
to 106 yr.10 This is a strong indication that some agent has
been acting to prevent the core from collapsing in its very
short freefall time11, which is ∼104 Myr. In the following
subsection we will show that the prime candidate for this
is outflow feedback, that is able to maintain the turbulence
support in the core.
3.2 Outflow-driven turbulence
Numerical simulations by Nakamura & Li (2007) and
Carroll et al. (2009) revealed that the outflows from a clus-
ter of young stars can sustain the turbulence of the cloud gas.
The detection of a dense stellar cluster and several molecu-
lar outflows in OMC1-S makes this region an excellent lab-
oratory to discuss these effects at core size-scales (∼0.05
pc). In Table 4 we present the outflows parameters (mass,
momentum, momentum rate, energy, luminosity), compared
with relevant magnitudes used to weight the importance of
molecular outflows in the evolution of the gas core and stel-
lar cluster.
First, we evaluate whether the energy and momentum
injected by the OMC1-S outflows can potentially replenish
the turbulence in the region, that decays on timescales com-
parable to the core free-fall time tff . The rate at which en-
ergy is lost due to decay of turbulence is (Stanke & Williams
2007):
Lturb = Eturb/tff , (4)
with
10 This estimate is an upper limit, if we consider a little contami-
nation by extincted ONC stars (see Section 2.1) and the fact that
due to confusion probably only the most prominent outflows are
detected.
11 tff = (3pi)/(32Gρ)
1/2 , where G is the gravitational constant
and ρ is the gas density (Mac Low 1999).
Eturb = (3/2)Mcore σ
2
1D, (5)
where σ1D is the observed one dimensional velocity dis-
persion of the gas in the core and Mcore the core mass.
The OMC1-S core has a current mass Mcore ∼100 M⊙
(Mezger et al. 1990). Using a radius of ∼25′′ (∼0.05 pc;
Batrla et al. 1983; Mundy et al. 1986), we obtain that the
gas density is ρ ∼1.3×10−17 g cm−3 (i.e. n ∼ 3.5×106 cm−3)
and the free-fall time is tff ∼2×104 yr.
We evaluate the 1D velocity dispersion using
the linewidth of dense molecular tracers (CN from
Rodriguez-Franco et al. 1998 and NH3 from Batrla et al.
1983) of ∆v ∼ 3 km s−1 observed toward the region. For
a 1D Maxwellian distribution of velocities, the relation
between the linewidth and the one dimensional velocity
dispersion is ∆v = 2
√
2Ln2 σ1D. Therefore, using σ1D ∼1.3
km s−1, we obtain that the rate at which energy is lost due
to decay of turbulence is Lturb ∼2 L⊙.
On the other hand, the rate at which the cloud gains
energy, assuming that all of the outflow momentum is con-
verted into turbulence in the core, and taking into account
radiative losses, is (Stanke & Williams 2007):
Lgain =
1
2
M˙core σ
2
3D =
√
3
2
Fout σ1D, (6)
where M˙core is the mass set in motion by outflows per
unit time and Fout is the outflow momentum rate. Using the
measured values for the molecular outflows12 (Fout ∼ 0.4
M⊙ km s
1 yr−1) we obtain that Lgain ∼ 80 L⊙, much higher
than the rate of lost energy due to decay of turbulence. This
shows that the outflows are able to maintain the turbulence
in the core, having a direct impact on the velocity dispersion
of the gas.
The gas dispersion provided by the presence of outflows
can be estimated assuming that the total momentum of the
outflows (Poutflows ∼ 100 M⊙ km s−1 for OMC1-S1) is trans-
ferred to the core:
σgain =
Poutflow
Mcore
, (7)
We obtain that σgain ∼ 1 km s−1, which is equal to
the observed velocity dispersion σ1D. Therefore, these cal-
culations show that the outflows driven by the members of
the dense OMC1-S cluster could explain the observed tur-
bulence in the core, and therefore they may influence any
future star formation, including massive stars.
3.3 Future core disruption
Several works (Myers & Goodman 1988, Arce et al. 2010,
Narayanan et al. 2012) have evaluated the outflow impact in
the possible disruption of the parental cloud at parsec scales.
We study here the influence of outflow feedback on the pos-
sible disruption of the more compact and dense core. One
way to evaluate this possibility is by comparing the mea-
sured energy of outflows (Eoutflows) with the gravitational
energy of the core (Egrav). From Table 4, it can be seen that
12 We have considered the 136-359 CO outflow detected by
Zapata et al. (2005) and all the SiO outflows from Zapata et al.
(2006). We do not use the SO outflow and the southern CO out-
flow because Zapata et al. (2010) did not present its parameters.
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Table 4. Physical parameters of the OMC1-S core, and outflow feedback.
Masses (M⊙) Momentum Momentum rate Vel. dispersions (km s−1) Luminosities (L⊙) Energies (×1046 erg) Timescales (×105 yr)
Mcore Mesc
a poutflow Foutflow σ1D σgain
b σesc
c Lturb
d Lgain
e Eturb
d Egrav
f Eoutflow tff
g tcluster
h tSF
i
(M⊙ Km s−1) (M⊙ Km s−1 yr−1)
100 28 117 0.43 1.3 1.2 1.8 2.2 78 0.48 1.6 7.5 0.24 2.5 10
a Mass that could potentially escape assuming that the current total outflow momentum is used to accelerate gas to reach the core escape velocity, Mesc =
poutflow
vesc
, where vesc =
√
2GMcore
Rcore
.
b Gas dispersion provided by the presence of outflows, σgain =
poutflow
Mcore
.
c Calculated from the escape velocity σesc =
vesc
2
√
2Ln2
.
d Rate at which energy is lost due to decay of turbulence, Lturb =
Eturb
tff
, where Eturb =
3Mcoreσ
2
1D
2
.
e Rate at which the cloud gains energy, assuming that all of the outflow momentum is converted into turbulence in the core, and taking into account radiative
losses, Lgain = (
√
3/2)Foutflowσ1D.
f Gravitational energy of the core of gas, Egrav =
GM2core
Rcore
.
g Free-fall time, tff =
√
3pi
32Gρ
.
h Average cluster age, calculated from the derived stellar ages of COUP 554 and COUP 555 (see Appendix A).
i Time that the core has been forming stars.
in OMC-1S the ratio Eoutflows/Egrav is 4.6, which is signif-
icantly higher than the ones found by Arce et al. (2010) in
Perseus (<0.40) and of the order of the one found in L1551
dark cloud in Taurus (Narayanan et al. 2012). This means
that the outflows in OMC1-S could potentially disrupt the
core.
Another way to evaluate the disruptive effects of out-
flows on the parental core is by using the velocity escape vesc
(or in terms of dispersion velocity, σesc =
vesc
2
√
2Ln2
), which is
defined as the velocity needed for the gas to escape from the
gravitational potential well of the core. Table 4 shows that
σesc is slightly higher than the observed dispersion velocity
σ1D. However, given that the values of the two velocities
are close, it is possible that a fraction of the gas can be
locally accelerated by outflows until it reaches σesc, escap-
ing from the core. Therefore, the molecular outflow feedback
could potentially expel out material from the core. To esti-
mate an upper limit of the mass that can be expelled by
the molecular outflows we use the ”escape mass” parame-
ter (Mesc) defined as the mass that could potentially escape
the core assuming that the current total outflow momentum
is used to accelerate gas to reach the core escape velocity
(Arce et al. 2010):
Mesc =
poutflow
vesc
. (8)
In OMC1-S this escape mass is ∼28 M⊙ (i.e., ∼28% of
the current mass of the core). This suggest that if the out-
flow feedback is maintained throughout the entire lifetime
of the core, it could potentially disrupt the gas core. We
note however that a fraction of the gas will be accreted by
the nascent stellar cluster before suffering ejection by out-
flows. Matzner & McKee (2000) found that 50% − 70% of
the mass of the parental core of low-mass stellar clusters
will be dispersed by outflows, while the rest (i.e., 30% −
50%) will be turned into stars. In Section 3.5 we evaluate
the ability of Bondi-Hoyle accretion to transfer mass into
the OMC1-S stellar cluster.
3.4 Outflows regulating the star formation
efficiency
Nakamura & Li (2007) showed that the outflow turbulence
leads to a delay of the gravitational collapse and, conse-
quently, yields lower star formation efficiency (SFE), which
is defined as:
SFE =
M∗
Mcore +M∗ + f ×Moutflow
, (9)
where M∗ is the total mass of the stellar cluster, Mcore
is the mass of the core, Moutflow is the total outflowing mass
and f is a correction factor depending on the age of the star-
forming region. Assuming a value f=2 typical of very young
regions (Arce et al. 2010), an average mass for the clusters
members of 0.5 M⊙ (as in Jørgensen et al. 2008, Evans et al.
2009, and Arce et al. 2010), we obtain a SFE∼0.12, which
is within the typical values found in clusters, 0.1-0.3 (e.g.,
Lada & Lada 2003).
Given that the current star formation is dependent on
the free-fall time of the core (tff ) and the period that the
region has been forming stars (tSF), we also use the ”normal-
ized” star formation efficiency defined by Arce et al. (2010),
SFEn = SFE × (tff/tSF). They found values for SFEn in
the range 0.3−3.4% in a sample of 6 young star-forming
regions with molecular outflows. In OMC1-S, considering
the upper limit tSF ∼1×106 yr (Section 3.1), we obtain a
lower limit for SFEn of ∼0.003 (i.e., 0.3%). One could think
that regions with high ratio between the energy rate injected
by outflows and the turbulent dissipation rate (Lgain/Lturb)
should have a very low SFEn. However, Arce et al. (2010)
detected no correlation between outflow strength and the
SFEn. In the case of OMC1-S, although the outflow feed-
back is high (Lgain/Lturb ∼36, Table 4), the SFE is similar
to those found by Arce et al. (2010), where the impact of
outflows is lower. This suggests that the outflow-driven tur-
bulence does not prevent star formation, and it may indicate
that: i) although high levels of turbulence can prevent accre-
tion in well defined directions (the polar axis of the outflows,
Cunningham et al. 2006), other paths are still available to
allow accretion; ii) shocks associated with outflows compress
the gas and can trigger collapse and further star formation.
c© 2002 RAS, MNRAS 000, 1–18
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3.5 Role of outflow feedback from a
low/intermediate mass star cluster in massive
star formation
Most massive stars are born within stellar clusters. There-
fore, understanding cluster formation is essential for under-
standing massive star formation. Rivilla et al. (2013) have
recently shown that massive stars in Orion are forming in
very dense clusters of low mass stars; one of them is the
OMC1-S cluster. In this work we have shown that members
of this cluster are the driving sources of several molecular
outflows. In a region of ∼25′′ × 25′′ (0.05 pc × 0.05 pc) we
have detected 6 embedded X-ray stars which power coeval
molecular outflows. Namely, there are at least ∼105 stars
pc−3 in this region driving outflows.
It has been suggested that the presence of outflows
influences massive star formation in several ways: i) facil-
itating accretion via radiation beaming along the outflow
axis (Krumholz et al. 2009; Cunningham et al. 2011); ii) in-
ducing fragmentation of the parental core (Knee & Sandell
2000; Li & Nakamura 2006; Cunningham et al. 2011); iii) in-
jecting turbulence in the gas environment (Li & Nakamura
2006; Wang et al. 2010); and iv) triggering new stellar for-
mation due to shock compression of the gas.
These effects have important implications for the cur-
rent theories of massive star formation: monolithic core
accretion (Yorke & Sonnhalter 2002; McKee & Tan 2002,
2003; Krumholz et al. 2005 and Krumholz et al. 2009) and
competitive accretion in stellar clusters (Bonnell & Bate
2006).
The monolithic-accretion theory needs the existence of
a massive core supported against self-gravity by its inter-
nal turbulence. This turbulence can be provided by the
outflows, which are able to keep the core close to virial
equilibrium (Li & Nakamura 2006). The massive core would
collapse monolithically, producing a single massive object
or a few massive stars, rather than many low mass stars
(Krumholz 2006; Krumholz et al. 2009). However, obser-
vations have shown that the molecular cores where mas-
sive stars form usually exhibit gas dispersions that pre-
vent the virialization of the core (Martin-Pintado et al.
1985). Furthermore, it is known that massive stars are
found in dense clusters of low mass stars. Several works
claimed that massive cores should fragment into many stars
(Dobbs et al. 2005; Clark & Bonnell 2006; Bonnell & Bate
2006; Federrath et al. 2010; Peters et al. 2010), especially
with the presence of outflows, which are believed to favor
the fragmentation of the parental core, producing the for-
mation of a cluster of low mass stars (Knee & Sandell 2000;
Li & Nakamura 2006; Li et al. 2010; Cunningham et al.
2011).
The competitive accretion theory relies precisely in the
existence of a low mass star cluster in the massive star cra-
dles. According to this theory, the core fragments into many
condensations that form a low mass star cluster. These stars
fall into local gravitational potential wells forming small-N
clusters. This overall cluster potential well funnels gas to
the potential center, where it is captured via Bondi-Hoyle
accretion by the ”privileged” stars located there, which can
increase their masses.
Recently, Rivilla et al. (2013) have proposed a scenario
for massive star formation where the parental core fragments
in multiple smaller condensations that, via monolithic ac-
cretion at ”subcore” scales give birth to a low mass stel-
lar cluster, in agreement with the observations. Once the
cluster is formed, the stars that win the accretion competi-
tion can become massive via Bondi-Hoyle accretion. The ef-
ficiency of this accretion mechanism has been questioned by
Krumholz et al. (2005), who proposed that the turbulence
of the core − favored by the presence of outflows − could
increase the velocity dispersion of the gas and hence de-
crease the accretion rates. However, Bonnell & Bate (2006)
remarked that using the local properties of massive star-
forming regions, Bondi-Hoyle accretion is indeed effective
to form massive stars. In agreement with this, Rivilla et al.
(2013) have shown that competitive accretion could be the
possible mechanism for massive star formation in the Orion
Hot Core.
A key parameter to determine if Bondi-Hoyle accretion
is viable forming massive objects − besides the gas density ρ
− is the relative velocity of the core gas, vRMS . As we have
discussed in Section 3.2, the gas velocity can be explained
by the turbulence injected in the core through the molec-
ular outflows powered by the cluster of low/intermediate
mass stars. The relative velocity of the gas can be estimated
from the measured linewidth of dense gas tracers using eq.
3 from Rivilla et al. (2013), obtaining that vRMS ∼2.2 km
s−1. Considering initial ”stellar seeds” ofM = 1 M⊙ formed
via subcore accretion, we show in Fig. 5 the timescale for
Bondi-Hoyle accretion to form a massive star. In order to
evaluate the timescale to form the stellar seeds (dotted line
in Fig. 5) we have used the expression from Krumholz et al.
(2012) for the mass accretion rate (with a surface stellar
density of Σ=3.5 g cm−2, obtained from the gas density
ρ assuming a circular geometry). The Bondi-Hoyle accre-
tion time has been calculated from Rivilla et al. (2013) and
Bonnell & Bate (2006), who considered that the density gas
has a radial dependence of ρ(r) ∼ r−1 and ρ(r) ∼ r−2, re-
spectively (solid and dashed lines in Fig. 5). This range in
the radial dependence of the gas density is usually mea-
sured in massive star-forming regions (Choi et al. 2000). In
our calculations we considered the mean gas density13 of the
core, ρ ∼1.3×10−17 g cm−3. Fig. 5 shows that the disper-
sion injected by outflows does not prevent that Bondi-Hoyle
accretion could transfer masses ∼10 M⊙ to the stellar clus-
ter, allowing the formation of massive stars in a timescale of
several 105 yr.
In addition, we need to take into account the inabil-
ity of the outflows to inject their momentum into the whole
solid angle. Cunningham et al. (2006) claimed that the ef-
fect of the outflows is spatially limited to the outflow axis:
only those regions of the core that have been swept over by
the outflow will be strongly affected. This means that the
turbulence is mainly injected along the outflow axis, while
the rest of the solid angle remains nearly unaffected by the
energy injection, allowing the accretion in these directions.
Li & Nakamura (2006) remarked that it may be difficult for
13 The accretion timescale is inversely proportional to the gas
density (eq. 2 from Rivilla et al. 2013). The density decays with
time (due to accretion and ejection processes), and therefore it
was higher at the very early evolution and it will be lower in the
future. We consider here an average value equal to the current
density, that provides an average mass accretion rate.
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Figure 5. Accretion time to form a massive star in the OMC1-
S core. The dotted line corresponds to the time needed to form
the stellar seeds of 1 M⊙ via subcore accretion, using the expres-
sion from Krumholz et al. (2012) for the mass accretion rate. The
dashed and solid lines correspond to the accretion time needed to
reach the final mass M, assuming that the gas density is ρ ∼r−2
and ρ ∼r−1, from the expressions presented in Bonnell & Bate
(2006) and Rivilla et al. (2013), respectively. We have used a
value for the relative velocity of the gas of vRMS=2.2 km s
−1,
using eq. 3 of Rivilla et al. (2013) and the typical linewidth mea-
sured in OMC1-S, ∆ v ∼3 km s−1. The volume and surface den-
sities used are ρ=1.3×10−17 g cm−3 and Σ=3.5 g cm−2.
collimated outflows to prevent material from falling toward
the center of the potential well in all directions. Therefore,
the accretion of mass to the star will be oriented through
the plane perpendicular to the outflow axis, i.e., the plane
of the circumstellar disk.
Furthermore, it is worth to consider the impact on the
turbulence of a phenomena that is rarely explored: outflow
collisions. In the dense stellar clusters where massive stars
form (like the one in OMC1-S) the probability of an en-
counter between two outflows is non negligible. In the fol-
lowing Section 3.6 we show that there is evidence of an out-
flow collision in OMC1-S, and we discuss its implications for
the formation of massive stars.
3.6 Effects of outflow collisions
Fig. 1 shows that two molecular outflows arising from the
very dense stellar cluster located in OMC1-S(S) (the SO
and SiO 137-408 SE outflows) have likely collided. Given
that the presence of outflows is ubiquitous in star-forming
regions, and that it is believed that every star might power
an outflow during their formation process, it seems likely
that two outflows could encounter in dense clusters like the
one found in OMC1-S.
We can estimate the probability of a collision between
two coeval molecular outflows with the expression:
P = (n∗ piR
2L)2, (10)
where R and L are the radius and length of the outflow,
respectively, and n∗ the number density of stars.
Beltra´n et al. (2012) already detected an encounter be-
tween two molecular outflows in the star-forming region IC
1396N. They calculated a probability of encounter of two
outflows in this cluster of 5% (P ∼0.05). In OMC1-S(S), the
dense concentration of stars where the colliding outflows are
originated has a stellar density of n∗ ∼ 7.0×105 stars pc−3
(Rivilla et al. 2013). With the mean values of the outflows
(L ∼15′′ and R ∼1.25′′), this gives P ∼ 0.17, which means
that the effect of collisions should be appreciable, which is
consistent with the observed collision of the SiO and SO
outflows.
The lower right panel of Fig. 1 shows that the SO out-
flow knots do not follow a straight path, but they have a
bending trajectory. We suggest that the SO outflow origi-
nates in COUP 594 and, when it reaches knot C, the outflow
deviates leading to the formation of knot D. From knot C,
both SO and SiO outflows share the same path, as if these
two flows may have interacted. The SiO outflow could in-
ject energy into the SO outflow, explaining the deflection
in its trajectory. The initial orientation of the SO outflow
could gradually change by the interaction with the SiO out-
flow. This is consistent with the fact that the SiO outflow
is slowing down as it moves away from its driving source
(Zapata et al. 2006). This energy loss would be used to de-
viate the SO outflow.
This interaction between both outflows might ex-
plain the detected rotation around the SO outflow axis.
Zapata et al. (2007) found asymmetries (see their Fig. 3)
in the velocities of the outer SO knots (C and D). However,
they claimed that the rotation is much less evident or absent
in the innermost knots A and B. This may indicate that the
outflow initially does not exhibit rotation or a very slight
rotation, until it finds the SiO outflow, at knot C, where
the tangential forces produced by the SiO outflow induce
rotation in the SO gas.
Murphy et al. (2008) studied the encounter of two out-
flows where the interference clearly affects their subsequent
evolution. In their study one of the outflows is engulfed
into the second one, as observed in OMC1-S. However,
Murphy et al. (2008) considered a close binary in their sim-
ulations with a separation of 45 AU, while the separation
of the driving sources of the SO and SiO outflows is ∼1300
AU.
Cunningham et al. (2006) simulated the collision of two
outflows, finding that the interaction, contrary to generate
more turbulence in the region, reduces indeed the redirected
outflow ability to transfer momentum into the core and set
gas in motion. This is because the gas compression produced
by the radiative collision shock remains within a more spa-
tially confined region than if the outflows do not collide. As
a consequence, one would expect that the collision of out-
flows could decrease the level of turbulence with respect to
that without encounters. This would favor the Bondi-Hoyle
accretion from the distributed gas component of the core,
specially in the center of the cluster, where the higher stel-
lar density facilitates the collisions and where the accretion
is higher due to the gravitational attraction of the potential
well. This would facilitate that the low-mass ”privileged”
stars could accrete enough mass to become massive. Obvi-
ously, only a fraction of the outflows in the cluster would
c© 2002 RAS, MNRAS 000, 1–18
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collide, and the total impact on the core turbulence and
core evolution is probably minor, although more theoretical
efforts are needed to properly evaluate this effect.
4 SUMMARY AND CONCLUSIONS
In this work we correlated the OMC1-S census of stars ob-
served in X-rays by Chandra with the expected positions
of the sources driving the molecular outflows and measured
proper motions of HH optical objects. Deep X-rays obser-
vations penetrating into the core and tracing the positions
of very obscured stars are a very good tool to detect the
driving sources of embedded molecular outflows. We find
that X-ray stars are very good candidates for the driving
sources of 6 out of 7 molecular outflows detected in OMC1-S
(identification rate of ∼ 86%). The driving sources of these
outflows are very young (∼105 yr) low/intermediate mass
stars deeply embedded in the OMC1-S core, with visual ex-
tinctions of AV > 15 mag. Moreover, X-rays observations
revealed for the first time numerous embedded stars in the
core that likely contribute to drive the HH objects produced
when the flows break out into the ionized ONC.
Our findings stress the important role that
low/intermediate mass star clusters can have on the
star formation and evolution of clusters. We found that the
strong molecular outflow feedback account for the observed
overall turbulence in the core. This prevents its collapse in
the very short free-fall time and allows to form stars during
a longer period of 6106 yr. The turbulence injected by the
stellar cluster does not hinder subsequent star formation,
allowing a value of the star formation efficiency in the
typical range of other star-forming regions.
We also evaluate the impact of outflow feedback in the
formation of massive stars. Outflows induce fragmentation of
the parental core, favoring the formation of low and interme-
diate mass objects, but preventing the formation of massive
stars directly from the collapse of a massive core. We show
that the injection of turbulence produced by the young stel-
lar cluster allows that Bondi-Hoyle accretion gather enough
mass in a timescale of a few 105 yr to form massive stars.
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APPENDIX A: INDIVIDUAL COMMENTS ON
OUTFLOWS AND DRIVING SOURCES
In this Appendix we discuss the details of the different
molecular outflows located in OMC1-S, along with their pro-
posed driving sources. We also include the large optical flow
associated with HH 529, whose driving source has also been
observed in X-rays (COUP 632).
For the stars COUP 554, COUP 555 and COUP
632 (with detections at IR wavelengths) we fitted its
spectral energy distribution (SED) with the models from
Robitaille et al. (2006, 2007). These stars are presumably
very young, and thus they likely have a gas envelope re-
sponsible for the SED in the mid-IR to millimeter range.
Unfortunately, there are not available mid/far-IR measure-
ments at wavelengths >20 µm. In the millimeter range, to
constrain the envelope contribution we used the fluxes of
the 1.3 mm sources 136-356, 136-359 and 144-351 detected
by Zapata et al. (2005) (see Table 2). The results of the 100
best fits are shown in Fig. A1. Although the SED is not
well characterized in the mid/far-IR range due to the lack
of observational data, we can derive a range for the phys-
ical parameters (stellar mass, total luminosity, stellar age,
extinction, fractional luminosity [LX/Lbol], disk mass and
envelope mass; Table A1). In all cases, we selected the pa-
rameter range shared by more than 50% of the best models
(see Fig. A2, where we show for illustrative purposes the
results for the bolometric luminosity of COUP 554 obtained
considering the best 100 models).
In the case of COUP stars in which we cannot fit the
SED, we used indicators as the X-ray variability, flaring
activity and fractional luminosity (LX/Lbol) to distinguish
qualitatively between low mass (M<1.3 M⊙), intermedi-
ate mass (1.3 M⊙ < M <8 M⊙), and high mass (M>8
M⊙) stars. While high X-ray variability and X-ray flares at-
tributed to plasma trapped in closed magnetic structures
and violently heated by magnetic reconnection events are
common in lower mass objects, they are not expected in
more massive stars. We determined the variability using the
same criteria as in Section 2.2.2.
The fractional luminosity LX/Lbol indicates the ef-
ficiency of the star in converting luminous energy into
magnetic activity. It is expected that PMS stars with
lower masses can reach the ”saturation limit” for coro-
nally active stars (emitting up to log [LX/Lbol]=−3.0;
Pallavicini et al. 1981; Fleming et al. 1995; Flaccomio et al.
2003; Gu¨del & Naze´ 2009). In the case of low/intermediate
(M< 3 M⊙) mass accreting stars, Preibisch et al. (2005)
found that this value is slightly lower, log [LX/Lbol]=−3.7.
This value is significantly different in stars with higher
masses, more inefficient converting bolometric luminosity
in magnetic energy, where log [LX/Lbol] reaches values
down to −7.0 (Pallavicini et al. 1981). In Table A2 we
show the masses of COUP stars without SED, obtained
applying the canonical relations log [LX/Lbol]=−3.7 and
log [LX/Lbol]=−7.0. In the next subsections we will discuss
that these sources without SED are likely low/intermediate
mass objects.
A1 The 136-359 SE-NW CO outflow (COUP 555)
This outflow was first detected by Rodr´ıguez-Franco et al.
(1999b,a), and subsequently resolved with higher angular
resolution by Zapata et al. (2005) (Fig. 1). The position of
the driving source coincides with the X-ray star COUP 555,
located at 0.6′′ of the cm/mm source 136-359 (Zapata et al.
2005). Based on the large mechanical luminosity of the
outflow, Zapata et al. (2005) suggested that the driving
source of this outflow could be an embedded high luminos-
ity (Lbol ∼104 L⊙) and massive object. They used in their
calculation a correlation between the mechanical luminos-
ity of the outflow and the luminosity of the driving star
(Beuther et al. 2002). However, this correlation was estab-
lished from single-dish data (which considerably underesti-
mates the luminosity due to beam dilution), and therefore
it can not be used with the mechanical luminosity obtained
from the interferometric data from Zapata et al. (2005). Us-
ing the mass of the outflow calculated from the single-dish
data from Rodr´ıguez-Franco et al. (1999a), moutflow ∼ 0.04
M⊙, we have used the single-dish correlation presented by
Wu et al. (2004) between the outflow mass and the bolo-
metric luminosity of the driving source, obtaining that the
luminosity of the driving star must be ∼1 L⊙, which implies
a low mass star. We note that this is a rough estimate with
high uncertainty, because the outflow mass considers only
the very high velocity gas and the Wu et al. (2004) relation
exhibits a large dispersion.
Other arguments can be made to show that a
low/intermediate luminosity source could drive the outflow:
i) there are indications that the outflow is very young (low
dynamical age, very high collimation, very high CO ve-
locities), and it is well known that younger outflows have
higher luminosity for a given driving source luminosity (e.g.,
Bontemps et al. 1996); and ii) the outflow is traced out to
exceptionally high velocities, which will artificially boost the
outflow luminosity, and mimic an outflow driven by a much
higher luminosity source than it actually is.
With the aim of better constraining the mass
of this outflow-driving star, we fitted their SED us-
ing the fluxes provided by several IR observations
(see Table 1; Gaume et al. 1998; Hillenbrand & Carpenter
2000; Lada et al. 2000; Muench et al. 2002; Lada et al.
2004; Smith et al. 2004; Robberto et al. 2005) with the
Robitaille et al. (2006, 2007) models. The 100 best fits are
shown in the left panel of Fig. A1, and the physical param-
eters derived are presented in Table A1. From the models,
we obtain a range for the extinction of AV=15−25 mag,
consistent with that obtained from X-rays (AV ∼14 mag).
We obtain a stellar mass of M=0.3−2 M⊙, a bolometric
luminosity of Lbol = 3−10 L⊙, and a young stellar age of
(0.5−4)×105 yr, as expected. The star exhibits a moderate
X-ray variability (Table 3), and it may show a flare, although
the large error bars in the light curve prevent from a clear
confirmation. The log [LX/Lbol] ratio ranges between -4.7
and -5.3, which are more consistent with an intermediate-
mass star than a low-mass star. Thus we favor the case of a
mass in the higher part of the range mass resulted from the
SED fit, i.e., ∼2 M⊙.
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Table A1. Physical parameters obtained from the fit of the SEDs of COUP 555, COUP 554 and COUP 632 (driving sources of the
molecular outflows CO 136-359 and SiO 136-355, and the HH 529 optical flow, respectively).
COUP A1V SED results
star (mag) M (M⊙) Lbol (L⊙) Stellar age (×105 yr) AV (mag) log[LX/Lbol] Mdisk (M⊙) Menvelope (M⊙)
555 14 0.3−2 3−10 0.5−4 15−25 [-4.7,-5.3] 0.01−0.05 0.02−2
554 28 0.9−2.5 8−30 1.5−4 25−30 [-3.0,-3.5] 0.03−0.1 0.004−3
632 >400 0.5−1.5 7−50 nwc2 40−60 [-4.3,-5.2] 0.0002−0.002 0.01−0.5
1 From the value of logNH obtained fitting the X-ray spectra, and using the Vuong et al. (2003) relation.
1 Parameter not well constrained.
Figure A1. SEDs of COUP 555 (left), COUP 554 (middle) and COUP 632 (right) obtained from Robitaille et al. (2006, 2007) models.
The filled circles show the input fluxes. The black lines show the best fit, the gray lines show the 100 best fits, and the dashed lines show
the stellar photosphere corresponding to the central source of the best fitting model, as it would look in the absence of circumstellar dust
(but including interstellar extinction).
A2 The 136-356 bipolar SiO outflow (COUP 554)
This is the main SiO outflow detected by Zapata et al.
(2006), produced by the embedded star COUP 554,
which has an IR counterpart (Gaume et al. 1998;
Hillenbrand & Carpenter 2000; Muench et al. 2002).
Hashimoto et al. (2007) detected infrared polarization
signatures typical of inner cavities of stellar outflows toward
this position, confirming that this object is the driving
source.
Gaume et al. (1998) called this object source B, and
estimated the mass of the star from its IR K-band flux,
finding that if it were a zero age main sequence (ZAMS)
star, it would be a B2 star (with a mass ∼ 10 M⊙ and
a luminosity of 3×103 L⊙). Using the fluxes measured from
different works (see Table 1) we fitted the SED of COUP 554
with the Robitaille et al. (2006) models to better contrain
the properties of this outflow-driving star. The right panel
of Fig. A1 and Table A1 show the results. We obtained a
value for the extinction of AV=25−30 mag, consistent with
that obtained from X-rays, AV ∼28 mag. The models give
a mass of M=0.9−2.5 M⊙, a luminosity of Lbol =8−30 L⊙
(Fig. A2), and a young stellar age of (1.5−4)×105 yr. The
presence of X-rays flares in its light curve, and the high X-
ray variability (Table 3) also allow us to rule out the massive
nature of this star. The ratio between the X-ray luminosity
and the bolometric luminosity log [LX/Lbol] range between
-3.0 and -3.5, consistently with a star with masses lower than
3 M⊙, in agreement with the mass calculated from the SED.
The cm/mm continuum sources 136-356 and 136-355
are located at separations of 0.61′′ and 0.73′′, respectively,
outside the ”counterpart radius” rcounter (Section 2.2.1),
suggesting that the emission does not directly arise from the
Table A2. Fractional luminosities of the COUP driving sources
of OMC1-S outflows without SED fitting.
COUP star M (M⊙)
log[LX/Lbol]=−3.7 log[LX/Lbol]=−7.0
564 <0.1 3.5
607 <0.1 4
582 0.1 5-6
594 0.6 >7
star14. The position of the cm/mm sources, approximately
perpendicular to the SiO outflow axis, may indicate that
they are tracing ionized gas or shocks produced in a circum-
stellar disk. The cm source 139-357 (Fig. 1) is located in the
outflow redshifted lobe axis of the SiO outflow, suggesting
that it is tracing shocks related with the flow.
A3 137-347 Monopolar Outflow (COUP 564)
This is the northernmost outflow detected by Zapata et al.
(2006) (upper right panel in Fig. 1). These authors claimed
that it arises from the cm/mm compact source 137-347. This
source is unresolved at 1.3 cm by the beam of the obser-
vations (0.3′′), so we can set an upper limit for their size
of 0.15′′. Given that the separation with the X-ray star is
significantively larger (∼1.8′′) than this size and than the
14 The possibility that COUP 554 is the combined counterpart
to the cm sources is ruled out because the angular resolution
of Chandra in the OMC1-S region (∼0.5′′) would resolve these
sources, which are separated by 1.3′′.
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Figure A2. Results for the bolometric luminosity of COUP 554.
The gray histogram shows the distribution of models in the model
grid, and the hashed histogram shows the distribution of the 100
best selected models.
counterpart radius (see Section 2.2), we conclude that these
two sources are not counterparts. Zapata et al. (2005) de-
tected 137-347 also at 1.3 cm, but in this case with an elon-
gated shape of size ∼2.5′′ along the same direction (SE-NW)
of the outflow lobe (Zapata et al. 2006). We interpret that
the star COUP 564 (also detected in IR) is the driving source
of the outflow, whose innemost part is traced by the shocks
that produce the continuum emission of 137-347, and out-
ermost part is traced by the SiO lobe.
The X-ray variability of COUP 564 is not confirmed
(Table 3), although this might be due to the few counts
detected from this source. Using the canonical relations for
stars with lower and higher masses, we obtain masses of
<0.1 M⊙ and 3.5 M⊙, respectively (assuming the estimated
average age of the cluster of 2.5×105 yr and the Siess et al.
(2000) PMS stellar models).
A4 141-357 Outflow (COUP 607)
This outflow is located to the east of the 136-356 main
bipolar SiO outflow (see upper right panel of Fig. 1).
Zapata et al. (2006) noted that this outflow does not be-
long to the 136-356 bipolar outflow, because: i) it is located
∼10′′ away from the driving source; ii) it shows much lower
velocity gas; and iii) if powered by the same object as the
bipolar outflow, its dynamical age would be much older.
Zapata et al. (2006) proposed that this outflow is likely pow-
ered by their radio compact source 141-357. The X-ray ob-
servations reveal the presence of a star, COUP 607, so far
undetected in near or mid-IR, located at ∼0.55′′ (Fig. 1
and Table 2). Therefore, we support the outflow nature of
this molecular component, powered by this star. As we dis-
cussed in Section 2.2 the separation between the X-ray and
cm sources is slightly larger than the ”counterpart radius”
rcounter ∼0.5′′. Given its relative location with respect to
COUP 607 and the outflow axis (Fig 1), 141-357 may trace
a close jet of the blueshifted counterlobe of the observed SiO
flow.
The presence of a flare in the X-ray light curve is uncer-
tain due to poor signal-to-noise ratio, and no clear variability
is detected. Using the relation for higher mass stars, we ob-
tain a mass 4 M⊙; although a low mass star with 60.1 M⊙
cannot be ruled out.
A5 The 137-408 SE SiO outflow (COUP 582)
This redshifted SiO outflow was found by Zapata et al.
(2006) in OMC1-S(S) (lower right panel in Fig. 1). It has
a clumpy structure along the outflow axis, with ”knots” at
different velocities. Unlike most of molecular outflows (such
as e.g. L1448-mm; Guilloteau et al. 1992), this outflow is
slowing down as it moves away from its origin, with moder-
ate velocities (29−56 km s−1) with respect to the ambient
cloud velocity for the inner part, and low velocities (0−27
km s−1) for the outer one.
Zapata et al. (2006) claimed that the outflow appears
to be driven by the millimeter source 137-408 (labeled in the
lower right panel of Fig. 1). If this is the case, this would in-
dicate the presence of a close binary, because 137-408 is very
likely the driving source of the 137-408 E-W outflow (Section
A8). However, given that the well defined outflow axis (green
dashed line) passes south (∼1.5′′) of the millimeter position,
we think that the very embedded X-ray star COUP 582 is
a more natural candidate, because it is perfectly aligned
with the outflow axis, and consequently there is no need to
invoke a bending trajectory. This star is one of the mem-
bers of the densest stellar cluster detected in OMC1-S(S)
(Rivilla et al. 2013), with logNH=23.3 cm
−2 (equivalent to
AV ∼ 100 mag). It does not have cm/mm, optical or IR
counterparts, being detected for the first time in X-rays. It
seems to exhibit a flare (although the large error bars in the
light curve prevent a clear confirmation) and a moderate X-
ray variability, suggesting that it is a low mass star. Using
the relation log [LX/Lbol] ∼ −3.7, we obtain a mass of ∼ 0.1
M⊙. However, a star with higher mass cannot be completely
ruled out. Using the relation log [LX/Lbol] ∼ −7, the mass
would be ∼5−6 M⊙.
A6 The SO outflow (COUP 594)
This redshifted outflow traced by SO (Zapata et al. 2010)
is located very close to the SiO 137-408 SE outflow (see
lower panels in Fig. 1). This SO outflow exhibits four dif-
ferentiated knots (A, B, C and D). Regarding the origin
of the SO outflow, Zapata et al. (2010) suggested that the
cm/mm source 139-409, a circumbinary ring (Zapata et al.
2007), could be the driving source. In the lower right panel
of Fig. 1 we have plotted with a black dashed line the hypo-
thetical outflow axis, with P.A.=48o. It seems that the SO
knots are not well aligned. Actually, it is difficult to explain
the SO outflow from the 139-409 position with a straight
flow. Zapata et al. (2010) already recognized that a bending
trajectory can not be excluded for this outflow. However, in
order to produce the four knots from the 139-409 origin, it
would be needed at least two bends, which although posssi-
ble, seems unlikely. Furthermore, Zapata et al. (2010) noted
that the identification of the driving source still remained
open because the orientation and sense of rotation of the
139-409 circumbinary ring does not coincide with those de-
tected in the outflow. Furthermore, another circumbinary
ring detected in the region, 134-411, with similar character-
istics to 139-409 (Zapata et al. 2007) and expected to be in
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the same evolutionary stage, do not drive a molecular out-
flow (see Fig. 1).
We consider that the X-ray star COUP 594 is a more
plausible driving source. It is located at ∼0.7′′ from 139-409,
and coincident with the 1.3 cm source 139-409 (Zapata et al.
2004). As discussed in Section 2.2.1 this cm source is very
likely produced by gyrosynchrotron emission from the mag-
netosphere of the star revealed by X-rays.
As shown in Fig. 1, the SO outflow could be originated
from COUP 594, with a P.A.∼57o (magenta dashed line)
until the knot C, where the outflow deviates to P.A.∼40o.
The change in orientation occurs at the knot C, which is
coincident with a SiO knot of the 137-408 SE SiO outflow.
It is striking that both SO and SiO outflows share the same
path from this point, and suggests that these two outflows
may be interacting, as discussed in Section 3.6.
Based on its high X-ray variability and the presence
of a flare in its light curve, we conclude that COUP
594, is very likely a low mass star. Using the relation
log [LX/Lbol]=−3.7, we obtain a mass of ∼ 0.6 M⊙ (Ta-
ble A2).
A7 The CO south outflow (COUP 594 + COUP
582)
Schmid-Burgk et al. (1989) detected a large-scale CO
outflow toward OMC1-S(S), that was re-observed by
Zapata et al. (2010) with better spatial resolution. The
powering source of this outflow is still not clear. From
Zapata et al. (2010) it is difficult to determine exactly its
origin, although they established a position from where it
propagates in a straight line (white square in the lower right
panel of Fig. 1). The X-ray observations did not detect any
source along the outflow axis.
Zapata et al. (2010) speculated that this CO outflow is
originated at a position toward the NE, where the redshifted
SO outflow is detected. They found evidence for rotation in
both outflows, which may indicate that they are related.
They claimed that the CO outflow could be the extension
of the SO outflow. Both outflows have a similar velocity
range between 8 and 25 km s−1, and additional observa-
tions showed that SO also extends to the SW (see Fig. 4
from Zapata et al. 2010), coincident with the orientation of
the CO outflow. In addition, the SO clump D is nearly coin-
cident with a CO clump, which suggests a link between both
flows. As we have discussed in Section 3.6 and Section A6,
the SO outflow seems to collide with the SiO 137-408 SE
outflow, which provides energy to the SO flow and produces
its deviation. Therefore, and given that Zapata et al. (2010)
did not find CO emission at the inner part of the SO outflow
(before the encounter), we interpret that the CO outflow is
the continuation of the encounter of the SO and SiO outflows
powered by COUP 594 and COUP 582, respectively.
A8 137-408 E-W Outflow
This SiO emission exhibits two lobes, one blueshifted (be-
tween −30 and −80 km s−1) and the other redshifted (be-
tween 30 and 80 km s−1). Zapata et al. (2006) suggested
that the strong millimeter source 137-408 could be the driv-
ing source. Zapata et al. (2006) already noted that the pres-
ence of two outflows around this position (this one and SiO
137-408 SE) may indicate the presence of more than one
embedded driving source. The closest X-ray star is COUP
582, shifted ∼1.7′′ with respect to the origin of the 137-408
E-W lobes. As shown in Section A5, this X-ray star might
drive the SiO SE 137-408 outflow. Given that the millimeter
source 137-408 is located more symmetrically with respect
to the lobes of the 137-408 E-W outflow, this source is the
most likely driving source.
A9 The optical outflow HH 529 (COUP 632)
This large optical outflow detected in [OIII] (Smith et al.
2004) is associated with the multiple HH objects known
as HH 529. Its driving source is detected in X-rays
(COUP 632), near-IR (Lada et al. 2000; Muench et al. 2002;
Lada et al. 2004), mid-IR (source 2 from Smith et al. 2004),
and also at 1.3 cm (source 144-351 of Zapata et al. 2004) and
1.3 mm (Zapata et al. 2005). As indicated by Zapata et al.
(2004), the radio emission migth emanates from the magne-
tosphere (gyrosynchrotron emission) or the ionized outflow
(free-free emission) of a low/intermediate mass star.
Hashimoto et al. (2007) found polarization signatures
around this star, characteristic of cavities along the inner
parts of outflows, and Robberto et al. (2005) detected an
IR elongated filament immediately to the west of the star
with the same orientation as the HH 529, supporting that
it is the driving source of the optical outflow and the HH
objects.
This star is one of the three reddest stars of the entire
L-band (3.5 µm) survey from Lada et al. (2000), and its K-
L excess suggests a visual extinction of AV >100. The high
extinction is supported by the X-ray observations, because
COUP 632 has the highest hydrogen column density mea-
sured in the entire COUP sample, logNH=23.94 cm
−3. This
extremely high value may also indicate the presence of an
edge-on circumstellar disk. The extinction estimated from
X-rays (which corresponds to AV >400 mag) is even larger
than the obtained from IR. This could indicate that there
is a ”gas excess” around this star, may be because it is still
forming and accreting material. The X-ray source does not
exhibit X-ray variability, although this can be due to the low
number of detected net counts (16). We fitted the SED of
this star using the measured fluxes from the literature (right
panel in Fig. A2). The results confirm the high extinction
suffered by this object and indicates a stellar mass in the
range 0.5−1.5 M⊙. We favor the higher mass limit, because
the obtained fractional luminosity LX/Lbol range is more
consistent with an intermediate-mass star than a low-mass
star (Table A1).
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